Activation of an innate immune response is among the first lines of defense after tissue injury. Restoring blood flow to the site of injured tissue is often a necessary prerequisite for mounting an initial immune response to pathogens and for subsequent initiation of a successful repair of wounded tissue. The multiple links among pathogen recognition and suppression, increased angiogenesis, and tissue repair are the topics of this review, which examines of the roles of antimicrobial peptides, mammalian toll-like receptors (TLRs), inflammatory cytokines, and putative "danger" signals, among other signaling pathways, in triggering, sustaining, and then terminating an angiogenic response. (Circ Res. 2005;96:15-26.)
O ne of the earliest physiologic responses to tissue injury or infection is an increase in vascular permeability and blood flow to the affected area, initiated by regional vasodilation and followed by enhanced angiogenesis to facilitate the wound healing process. Bacterial-derived lipopolysaccharide (LPS), for example, can activate endothelial sprouting directly by signaling through mammalian toll-like receptors (TLRs) and TRAF6, even in the absence of additional cytokines. 1 The concomitant increase in vasodilation is attributable in part to increases in local tissue concentrations of adenosine and adenine nucleotides, which increase rapidly after cellular injury or ischemia. Animals with targeted disruption of adenosine A 2A receptors exhibit less inflammation but also less wound-related angiogenesis after injury. 2 Several mammalian TLRs (specifically TLRs 2, 4, 7, and 9), in the presence of activating ligands such as LPS or unmethylated CpG motifs, have been shown to synergize with adenosine, acting at A 2A receptors, to result in increased synthesis and release of vascular endothelial growth factor (VEGF)-A isoforms. This results in vasodilation, recruitment of CD31 ϩ endothelial progenitor cells, and an acceleration of the induction and extent of inflammation-induced angiogenesis while concurrently suppressing any further release of inflammatory cytokines (eg, tumor necrosis factor [TNF]). 3, 4 In contrast, in the absence of adenosine release, the activation of these TLRs increased TNF expression, but not VEGF-A (at least in murine macrophages).
This recent recognition of a role for adenosine in the regulation of the innate immune response highlights the debate concerning the mechanisms that control of the activation and suppression of this arm of the immune system. Janeway was among the first to highlight the importance of a contextual alarm signal indicating the presence of infection or "microbial nonself" Ͼ15 years ago when he pointed out that in the absence of pathogen-related "adjuvants" (ie, essentially admixtures of bacterial cell wall components and/or other microbial debris), little or no immune response was usually elicited to many foreign pathogens. 5 He postulated the presence of "pathogen-associated molecular patterns," highly conserved motifs that are often essential for microbial survival and virulence that are detected by "pattern recognition receptors" on host immune cells. This theory also accommodated the fact that cells not expressing major histocompatibility complex class I proteins on their plasma membranes or cells expressing "markers of abnormal self," such as those infected with viral pathogens, trigger apoptosis and engulfment by NK cells and other phagocytes. 6 Eight years after Janeway first posited the existence of a pathogen recognition system that could provide the appropriate immunologic context, or "signal two," after infection by a specific pathogen, Medzhitov, Preston-Hurlburt, and Janeway identified the first of the vertebrate toll receptors, now designated TLR4. Drosophila toll was well recognized to play an essential role in dorsal/ventral patterning in the fly during development by binding to its ligand, spätzle. After development, toll becomes an important signaling pathway of the innate immune system of the fly. 7 Although no vertebrate homologue of the fly ligand spätzle has been identified, to date, 13 mammalian paralogues of Drosophila toll have been identified, as well as a number of their ligands 8 (Figure 1 ). In addition, although invertebrates lack an adaptive immune response, this does not mean that rapid and appropriate immune responses do not occur. 9 Specific pathogen recognition by the appropriate pattern recognition receptor then triggers an innate immune response appropriate for the identified pathogen.
An alternative hypothesis to Janeway's "recognition of microbial nonself" hypothesis for activation of an immune response to infection or injury has been proposed by Matzinger in the form of the "danger" model, which proposes alternative mechanisms for the induction of an appropriate immune response. In this construct, the presence of potentially infectious "nonself" does not necessarily trigger an Toll-like receptor (TLR) signaling pathways. The TLRs are among the best characterized of the innate immunity "pattern recognition" proteins. TLRs are named for Drosophila toll, a protein essential for normal dorsal-ventral patterning during development in the fly, but which then assumes a central role in innate immunity. The figure illustrates the known vertebrate tolls and their intermediate signaling cascades. Most mammalian TLR responses signal via the adapter protein MyD88 or by the TIR domain adapter protein TIRAP, among others. Although TLR signaling is known to be required for initiating an innate immune response to pathogens and for triggering an appropriate adaptive immune response, low-level TLR activation has recently been shown also to play an essential role in preserving homeostasis between host cells and commensal organisms in the gut and presumably other tissues. Figure modified immune response unless there is evidence of tissue injury, which she termed "alarm" signals. One example of the contextual importance of the alarm signal in the "danger" construct is LPS, which, when "buried" within the lipid membrane of bacteria in the gut, is harmless unless unmasked in the context of injury, which then results in a "danger" signal and a robust immune response. 10 The importance of adenosine release in the synergistic activation of the innate immune response, as discussed, is relevant here. Heath and Carbone, 11 for example, have proposed a number of possible "danger" signals. Extracellular adenosine, for example, accumulates rapidly in ischemic tissue because of the metabolism of ATP and hypoxiaenhanced activity of Ecto-5Ј-Nucleotidase, not only inducing vasodilation but also possibly acting as a "danger" signal in the context of infection and/or injury. 12 Thus, the release of adenosine and the activation of specific TLRs may provide a contextual "injury" signal, as well as a trigger for appropriate tissue repair processes, such as the induction of angiogenesis.
Additional evidence in favor or the danger hypothesis has recently been reported. Shi, Evans, and Rock 13 identified a chromatographic fraction obtained from BALB/c3T3 cells exposed to UV light that acted as a low-molecular-weight "endogenous adjuvant" for priming CD8 ϩ T cells in mice injected with HIV gp120 antigen. Using several complementary assays, Shi et al 13 identified a moiety from cellular lysates as uric acid that acted as an effective immunologic adjuvant when in its nonsoluble, crystalline form. As noted by Heath and Carbone, 11 in addition to the adjuvant role noted, crystalline uric acid may also play a role in directly triggering an immune response-data that are obviously relevant to the pathophysiology of gouty arthritis.
There is also mounting evidence that heat shock factors in vertebrates can act as a contextual "danger" signal, in addition to "conventional" pathogen-associated molecular patterns such as a LPS or lipotechoic acid. As shown by Prohászka and Fűst (Table 4 14 ), there is mounting evidence for heat shock protein (HSP) recognition and signaling via several TLRs (vide infra). However, as noted by Reis e Sousa, 15 with several possible exceptions, TLRs 2 and 4 appear to be the most common "receptors" for these endogenous ligands, raising at least the question of contamination by endotoxins in the assays used in several of these reports.
TLR signaling is not limited to pathogen recognition and triggering of appropriate innate and adaptive antimicrobial immune responses. Components of the innate immune system appear to play an essential role in maintaining normal mucosal cell homeostasis in the gut, among other organs. 16 Rakoff-Nahoum et al 17 observed that mice with targeted deletion of MyD88, an obligate intracellular adapter molecule in several TLR signaling pathways, exhibited markedly increased bowel inflammation after exposure to the colonic toxin, dextran sulfate sodium, despite the absence of this critical TLR adapter protein. Both TLR4 and TLR2 knockout mice also exhibited increases in bowel inflammation, leading to colonic bleeding and ulceration. These data suggest that specific TLRs, in the presence of normal colonic microflora, trigger signaling via MyD88 that suppresses inflammation in normal colonic mucosa. TLR signaling is known to induce in normal colonic mucosa increased expression of several HSPs (eg, hsp25 and hsp72 18 ). 17 This HSP-mediated cytoprotective response was markedly suppressed in MyD88 Ϫ/Ϫ mice. 17
Wound Repair and Angiogenesis
Repair of wounded tissue involves a well-orchestrated sequence of events, initiated by platelet aggregation and fibrin polymerization, followed by infiltration of leukocytes. 19 Among the earliest cues for initiation of the wound repair response is the release of "growth factor"-related cytokines (eg, platelet-derived growth factor [PDGF], a-fibroblast growth factor [aFGF], bFGF, transforming growth factor (TGF)-␣, and VEGF-A isoforms, among others) by keratinocytes, resident mast cells, degranulating platelets, and other damaged stromal cells. This is followed in short order by infiltrating neutrophils, macrophages, and other inflammatory cells that are recruited to the area of damaged tissue. Leukocyte migration is also essential for removal of necrotic cellular debris, whereas many cell types may participate in the removal of apoptotic cells. Wounded keratinocytes and other cells transiently become leaky and release calcium, which may act as a transcriptional activator. 20 Fibrin synthesis and polymerization also help stabilize the wounded tissue and provide a scaffold into which infiltrating cells can migrate.
Cytokine signaling also plays an important role in the angiogenic response to wound repair and infection. High local levels of FGFs, released from extracellular matrix and from damaged parenchymal cells, contribute to the earliest phase of a local angiogenic response. 21 As wound maturation progresses, additional angiogenesis is induced by increasing tissue levels of VEGFs, which peak several days after injury. 22 The rate of endothelial cell proliferation in the presence of a large and virulent microbial burden is very high. In C3H mice inoculated with Mycoplasma pulmonis, for example, the diameter of arterioles, capillaries, and venules had doubled within 1 week of inoculation, with BrdUrd labeling increasing by Ϸ20-fold, 23 peaking at day 5, and then followed by a slow, yet steady, decrease.
Many cell types contribute to the source of VEGF in maturing epithelial wounds, including keratinocytes, macrophages, fibroblasts, endothelial cells, and T cells, 24 among others. Activation of endothelial cells in the context of wounding, which in vivo nearly always implies some degree of infection, results in initiation of coagulation cascades and impaired fibrinolysis. 25 Tissue factor on endothelial cells is induced by inflammatory cytokines and by pentraxins, a class of innate immunity proteins including C-reactive protein and pentraxin 3, among others, whose expression and/or activation are enhanced by pathogens and tissue injury.
Microvascular hyperpermeability induced by one or more VEGFs and the introduction of a provisional plasma-derived matrix precede the onset of endothelial cell proliferation and migration and accompany new blood vessel formation (many tumors have co-opted this mechanism that developed in multicellular organisms for purposes of tissue defense, renewal, and repair). Interestingly, small molecule autacoids that regulate the inflammatory response (eg, eicosanoids, adenosine, among others), as well as many cytokines (eg, bFGF, TGF␤, TNF␣), which do not have an intrinsic capacity to increase vascular hyperpermeability, do so indirectly by inducing expression and release of VEGFs.
In addition, resident mast cells and infiltrating neutrophils and macrophages are the likely tissue source of numerous cytokines traditionally associated with a localized inflammatory response, such as TNF-␣ and IL-1, among others, many of which have been associated with increased vessel permeability and angiogenesis. 26 Animal models of impaired wound healing, such as the leptin-deficient (db/db) diabetic mouse, are characterized by profound defects in woundrelated angiogenesis. 27 Administration of a topical formulation of rhVEGF-A 165 also has been shown to accelerate cutaneous wound healing of diabetic (db/db) mice, in part by inducing expression of PDGF and FGF-2, and by increasing both circulating and wound-related levels of AC133 ϩ /VEGF-R 2ϩ /CD11b Ϫ endothelial progenitor cells. 28 The impaired wound-healing phenotype of the db/db mouse also can be rescued by localized (ie, to the wound) transfection of the homeobox gene HoxD3, a transcription factor essential for normal embryogenesis, but is also associated with angiogenesis and extracellular matrix remodeling after development. 27 Another transcriptional regulator only recently associated with angiogenesis is Net, a member of the ternary complex factor known primarily as a transcriptional repressor, but which has also been shown to be a positive inducer of transcription after phosphorylation by Ras or Src. Zheng et al 29 have shown that mice homozygous for a mutant version of Net (Net ␦/␦ ) exhibit delayed and diminished wound healing, which could be largely attributed to a profound decrease in wound-related angiogenesis. VEGF-A expression in keratinocytes and mononuclear cells in the wounds of Net ␦/␦ mice was markedly reduced as well. Interestingly, the Ϸ10% of Net ␦/d mice that survive development (and were used for these experiments) exhibited normal development of the vascular tree but had abnormalities in lymphatic development. 29 Despite the central role of VEGFs in cutaneous wound repair, Jacobi et al 30 noted that a single intravenous injection of an adenoviral-delivered transgene, encoding a soluble form of VEGF-R 2 (ie, Flk-1), acting as a "VEGF-trap," reduced skin wound-related angiogenesis but did not affect the rate of wound closure in either db/db diabetic or wild-type animals (although, as expected, wound closure in diabetic animals was slower than in wild-type animals, with or without the VEGF-trap construct). This result was also observed in other in vivo wound repair models in which angiogenesis was selectively impaired. 31, 32 Nevertheless, these investigators also observed that the tensile strength of the resulting scar was not affected, suggesting that other VEGF-independent mechanisms of wound repair continue to be operative in this experimental model. Also, as shown by Salvucci et al in 2004, 33 inflammatory cytokines such as TNF-␣ and interferon-␥ may also induce expression of TIMP-1 and other proteins that disrupt extracellular matrix-dependent tube formation, emphasizing the importance of local contextual signaling in determining the extent of wound-related angiogenesis.
Tissue macrophages are responsible for much of the regulated induction of new blood vessel growth during wound repair, fostering regression of some vessels while inducing growth and remodeling of others. 34 Circulating monocytes and tissue macrophages have also been shown to play a central role in the remodeling of existing resistance and small conduit vessels into larger, muscular arterioles, particularly in the setting of tissue ischemia (see review by Scholtz and Schaper 35 in this series of reviews). The rabbit hind limb occlusion model 36 has shown, for example, that although infusion of unstimulated autologous (CD14 ϩ ) monocytes did not accelerate resumption of blood flow, infusion of allogeneic monocytes did accelerate restoration of perfusion, as did infusion with autologous monocytes after ex vivo adenoviralmediated transfection with a granulocyte macrophage colonystimulating factor (GM-CSF) transgene. Tissue macrophage release of matrix metalloproteinases appears also to be required for the extracellular matrix remodeling essential for effective angiogenesis to occur. 37 Schaper et al recently documented that CCR2-deficient mice fail to undergo adequate vascular remodeling and enlargement in response to limb ischemia. 38 Thus, activation of specific "proinflammatory" pathways appears to be essential in restoring blood flow even in the absence of significant tissue injury or loss.
TGF␤ also plays a pivotal role in the initiation and maintenance of wound repair, activating fibroblasts for the synthesis of new extracellular matrix proteins, while slowing the rate of re-epithelialization. 39 Wound repair modeling in Drosophila has identified a number of genes involved in this process including, perhaps as expected, Rho GTPases, JNKs, and AP-1, but also decapentaplegic (Dpp) the Drosophila homologue of BMP4, and the phosphatase puckered (puc). Signaling by puc eventually suppresses the activity of JNKs, thereby slowing the activity of the wound repair process. 20 TGF␤-enhanced, wound repair-related angiogenesis results in initial inhibition of endothelial cell proliferation, increased production of and remodeling by extracellular matrix proteins, and the recruitment and transformation of smooth muscle cell/pericyte precursors, a process that involves SMADs 2/3 and 3/4, and members of the activin receptor-like kinases 1 and 5. 40 Another important characteristic of many experimental animal-typically cutaneous-wounds is hypoxia. 41 Skin wounds are usually characterized by an interruption in local tissue perfusion or infection, or both, resulting in a characteristic decline in tissue oxygen tension content. The expression of the inducible isoform of nitric oxide synthase (iNOS), a "high-output," calcium-independent NOS isoform, is known to increase in response to hypoxia and is associated with the early innate immune response in many species, although the extent of translation of iNOS mRNA to active enzyme varies among species and on the type of infection. 42 Albina and Reichner 43 have recently demonstrated that the iNOS-mediated flux of arginine to citrulline-an essential step in the production of bacteriostatic levels of nitric oxides (NO x )-is diminished at very low oxygen tensions because of substrate limitations, despite increases in iNOS expression and protein levels. Importantly, the increase in iNOS levels was attributable not only to increased amounts of inflamma-tory cytokines in wounded infected tissue but also to HIF-1␣-dependent increases in iNOS gene expression. Activation of HIF-1, as is described later, has now been shown to be responsive not only to the intracellular oxygen concentration but also to the activation of several innate immunity signaling pathways (see Figure 2B ). With reference to wound repair, HIF-1 also activates PAI-1, which impacts fibrin deposition and wound closure. 44 
Antimicrobial Peptides and Angiogenesis
Among the best characterized of the antimicrobial peptides of the innate immune response are the defensin and cathelicidin families of proteins (see recent comprehensive review by Bulet et al 45 ). These germline-encoded antimicrobial peptides act as innate immunity "pattern recognition receptors" and as effectors of the innate immune response. In addition, several also appear to initiate the process of tissue repair, largely by inducing an angiogenic response localized to the site of injury.
Cathelicidins comprise one class of antimicrobial peptides, which are released by neutrophils and macrophages, as well as by some gonadal, gastrointestinal, and respiratory epithelial cells in response to evidence of infection. Their direct antimicrobial activity against viruses, bacteria, and parasites is mediated principally by disruption of microbial membranes via several mechanisms. In addition, these peptides also act as chemoattractants and activators for inflammatory cells. 16 Only one human cathelicidin has been identified to date: LL-37/hCAP-18, which is closely related to the murine cathelin-related antimicrobial peptide. LL-37 also has been In addition to its role in the regulation of many genes involved in the response to intracellular hypoxia (B), HIF-1␣ is also activated by a number of other intracellular signaling pathways, even in the absence of hypoxia. These include "inflammation-related" signaling pathways triggered by activation of TLRs, tumor necrosis factor (TNF), and IL-1␤, among others, as well as signaling pathways associated with survival/growth factors (eg, IGF-1, IGF-2, FGF-2, TGF␤1, among others). Heat shock proteins, after activation of a PI3K/ Akt pathway, have also been shown to delay degradation of HIF-1␣ by directly interacting with the Per-ARNT-Sim (PAS) domain.
shown to exhibit angiogenic activity by signaling through the G-protein-coupled formyl peptide receptor-like 1. 46 Formyl peptide receptor-like 1 is present in macrophages, neutrophils, lymphocytes (primarily NK cells, B cells, and ␥␦ T lymphocytes), keratinocytes, as well as in epithelial and endothelial cells. It is the activation of endothelial cells by LL-37, as well as recruitment of neutrophils and macrophages, which induces the angiogenic response. LL-37/ hCAP-18 has been documented to play a role in reepithelialization of skin wounds. 47 LL-37/hCAP-18 also activates a number of cytokine pathways in monocytes and tissue macrophages, including CCL2 (formerly termed MCP-1; 48 ) and its receptor CCR2, among others.
Interestingly, the porcine cathelicidin PR-39, a prolinerich, 39-amino acid protein, for which no obvious homologue exists in humans, has been shown by Simons et al to induce a robust angiogenic response in in vivo and in vitro experimental models. 49 Unlike other cathelicidins, however, the mechanism of action of PR-39 is unique in that it prevents proteosomal degradation of HIF-1␣, even when oxygen is not limiting. This is attributable to the reversible and relatively selective effect of PR-39 on the 20S proteosome. 50 PR39 also blocks activation of NFB, again by relatively selective inhibition of proteosomal degradation of IB␣. This may account, in part, for the observation that transgenic animals overexpressing PR39 in the heart lack significant inflammation despite sustained high cardiac myocyte expression levels of HIF-1␣. 50 The antibiotic activity of each of the families of antimicrobial peptides discussed was noted long before their proangiogenic effects were discovered. 51 Angiogenins are an exception, however, having initially been associated with induction of vasculogenesis in in vitro and in vivo assays. 52 The angiogenins are members of a family of ribonucleases that exhibit antimicrobial activity. The high rate of sequence divergence among the murine angiogenin isoforms suggested a role in host defense, however, and recent work has verified that these innate immunity peptides possess both antibacterial and antifungal activities, in addition to promoting angiogenesis and wound repair. 52
Angiogenic Cytokines and Inflammation
A central role for angiogenesis in sustaining an inflammatory response has only recently become evident. In the context of acute infection and wound repair, angiogenesis is largely beneficial as discussed. Terminating the angiogenic response may be more problematic, however, in part because of the fact that angiogenic cytokines may act to sustain an inflammatory response, including increased tissue edema. After the cessation of the original angiogenic stimulus, the newly formed network undergoes extensive hemodynamic remodeling, which is governed in part by other cytokines acting to stabilize or "normalize" the newly formed vessel.
One angiogenic cytokine implicated in this "vascular remodeling" paradigm is placental growth factor (PlGF). Carmeliet, Persico, et al were the first to note that PlGF, which, unlike VEGF-A, is not required for normal development, appeared to be required for postnatal angiogenesis, particularly in the context of "arteriogenesis" (ie, vascular remodeling leading to new collateral vessel formation after ischemic injury and wound healing). 53 In subsequent reports from these investigators, 54, 55 the importance of VEGF-R1 (flt-1) in PlGF signaling, and the importance of PlGF in amplifying and sustaining an inflammatory response, became apparent. PlGF was shown to amplify the angiogenic response to VEGF-A in part by inducing VEGF production in parenchymal cells, by initiating an arteriogenic response, and by recruiting smooth muscle cell precursors to the nascent arteriolar vasculature. The amplification step was mediated in part by PlGF-dependent activation of VEGFR-1, with subsequent phosphorylation of VEGF-R 2 (flk-1). Moreover, the VEGF-A isoforms alone could not substitute for the loss of PlGF, and the combination of PlGF and VEGF-A resulted in a superior angiogenic response to either cytokine alone. Similar data were generated by Pipp et al, 56 who in addition provided evidence for a role for monocytes and tissue macrophages in restoring blood flow, because animals treated with PlGF that had been depleted of monocytes demonstrated no additional benefit on blood flow compared with a VEGF-A agonist alone.
As reviewed by Nagy, 57 PlGF signaling appears to be essential for the vascular remodeling necessary to form large arteriolar resistance vessels in some tissue. This is supported by experiments by Scholz et al, 35 which documented accelerated induction of collateral blood flow (ie, arteriogenesis) in PlGF Ϫ/Ϫ mice reconstituted with bone marrow from PlGF ϩ/ϩ animals, compared with animals reconstituted with PlGF Ϫ/Ϫ bone marrow. 35 Although our understanding of the role that angiogenic cytokines play in normal development and physiology has increased rapidly since the first description of vascular permeability factor by Senger, Dvorak, and Dvorak et al nearly 20 years ago, 58 the association of VEGFs with pathologic angiogenesis, aside from tumor vasculature, has only recently been appreciated. Ozawa et al 59 have shown that release of high levels of VEGF-A 164 from retrovirally transfected skeletal myoblast-induced hemangioma formation, whereas myoblast clones releasing lower levels of VEGF-A 164 did not, pointing to a "threshold" relationship between dose and abnormal physiologic outcomes. PlGF in particular has been associated with enhanced inflammation and edema formation, whereas PlGF deficiency (in PlGF Ϫ/Ϫ animals) correlated with a diminished and abbreviated inflammatory response, despite similarly upregulated levels of VEGF-A isoforms in both phenotypes. 60 Also, patients with severe sickle cell anemia (as defined by 3 or more vaso-occlusive episodes per year) were found to have elevated PlGF levels compared with controls or less ill sickle cell patients, and PlGF significantly increased levels of TNF␣, IL-1␤, MCP-1, and IL-8, among other cytokines, in vitro. 61, 62 In an allergic encephalomyelitis model that mimics multiple sclerosis, VEGF-A immunoreactivity increased in parallel with the development of the typical histologic changes characteristic of encephalomyelitis, implicating this angiogenic cytokine in facilitating the development of long-term neural inflammation and eventually demyelination. 63 VEGF-A infusions directly into the neocortex of normal rats increased vascular density progressively over a 7-day period and were accom-panied by an early (Ͻ24 hours) and marked dose-dependent extravasation of IgG and leukocytes. 64 Staining for ED-1 antigen indicated that most of the inflammatory cells were of monocyte/macrophage origin. The marked inflammatory response to VEGF-A was not apparent with infusion of angiopoietin-1, in which no effect on leukocyte extravasation was observed.
Even in the absence of exogenously administered PlGF or other inflammatory cytokines, cutaneous overexpression of VEGF-A 164 driven by a keratin-14 (K14) promoter in mice resulted in lesions very similar to those observed in psoriatic humans. 65 The lesions exhibited not only the hypervascularity and abnormal epidermal proliferation typical of psoriatic skin in humans but also epidermal microabscesses and inflammatory infiltrates characteristic of the human disease, all of which could be reversed using another variation of a "VEGFtrap," consisting of the Ig1 domain of VEGF-R1, the Ig3 domain of VEGF-R 2 , and the Fc domain of human IgG1. 66 Interestingly, the characteristics of the synovial inflammation associated with psoriatic arthritis also may be unique to this disease. VEGF-A and TGF␤1 levels were higher in psoriatic synovial fluid than levels obtained from aspirations of rheumatoid arthritic joints, and biopsy results showed synovial vessels that were significantly larger and more tortuous than those obtained from rheumatic joints. 67 Patients who received intravenous infusions of infliximab, a monoclonal anti-TNF antibody, exhibited reductions in VEGF-A, VEGFR-2, CD-31, and several indices of neovascularization on posttreatment synovial biopsy results. 68 Pro-angiogenic cytokines other than VEGF-A are also likely to play a role in the pathophysiology of arthritis, because mice with targeted disruption of VEGF-B exhibited significantly less joint swelling and inflammation than wildtype animals. 69 Also, in a model of rheumatoid arthritis induced by collagen, the angiopoietin receptor Tie2 and its ligand, angiopoietin-1 increased rapidly in affected joints, an increase that was associated temporally with an increase in synovial fluid TNF-␣ levels. 70 In patients with osteoarthritis, measures of endothelial cell proliferation (ie, endothelial cell fractional area and proliferative index on histologic analysis) all have been shown to increase in proportion to the extent of macrophage infiltration. 71 Members of the ETS family of transcription factors, which among other functions regulate the expression of several inflammatory cytokines, also induce expression of a number of angiogenic genes, including angiopoietin-1, among others. 72 In addition, a dominantnegative ETS-1 inhibited neuropilin-1 and angiopoeitin-2 expression in in vitro assays and suppressed development of retinal angiogenesis in a murine model of proliferative retinopathy. 73 In a model of retinal neovascularization induced by prolonged exposure of neonatal rats to 80% oxygen to induce an avascular retina, followed by a return to room air to induce retinal blood vessel growth, there was a hypoxia-mediated, and relatively isoform-selective, 2-to 3-fold increase in VEGF-A 164 levels. 74 Unlike physiologic neovascularization, pathophysiologic retinal neovascularization was characterized by the presence of adherent leukocytes and the development of leukocytic fronds, which, within 1 week, had begun to extend into the vitreous. A VEGFR-1 chimeric protein was used to selectively inhibit signaling through the VEGF-A 164 isoform, which diminished both leukocyte (largely monocytic) adherence and suppressed the development of retinopathy. Conversely, forced expression of IL-1␤ selectively in the retina (using a ␣A-crystalline promoter) resulted in an inflammatory infiltrate with marked increases in retinal VEGF levels. 75 The ultimate extent of the pro-inflammatory activity of VEGFs will depend obviously on the physiologic and cellular context, as noted earlier; for example, VEGF also upregulates heme oxygenase-1 in human umbilical vein endothelial cells and other endothelial cell phenotypes. Activation of heme oxygenase-1 markedly increased endothelial cell proliferation while decreasing leukocytic infiltration in an LPS-induced angiogenesis model. Conversely, suppression of heme oxygenase-1 activity with metalloporphyrins resulted in a decreased angiogenic response despite an increase in inflammatory infiltrates. 76 In contrast to VEGFs and PlGF, angiopoietin signaling via Tie2 often suppresses NFB activation, decreasing leukocytic cell migration and endothelial cell permeability, and, particularly in the case of Tie2 activation, reducing intercellular adhesion molecule and vascular cell adhesion molecule expression. 77 Using a yeast two-hybrid screen, Hughes et al 77 identified ABIN-2 (A20 binding inhibitor of NFB activation-2) as a required signaling intermediate for suppression of NFB in endothelial cells. Interestingly, platelet endothelial cell adhesion molecule knockout mice developed normally but had a marked deficit in the accumulation of inflammatory cells-largely lacking neutrophilic infiltrates-in a foreign body accumulation assay. 78 Unconventional angiogenesis-promoting autacoids, such as angiotensins, which have long been implicated in both physiologic and pathophysiologic angiogenesis, stimulate endothelial cell proliferation and migration by effects that are both indirect (eg, via FGF-2 release) and direct (eg, by inducing changes in matrix metalloproteinase activities, resulting in alterations in extracellular matrix composition). 79 In an in vivo subcutaneous Matrigel plug assay, angiotensin II induced not only endothelial nitric oxide synthase and VEGF-A expression, with recruitment of endothelial and smooth muscle cells, but also macrophage infiltration. 80 These in vitro observations were supported by experiments by Sasaki et al, 79 who documented that the infiltration of mononuclear cell infiltrates (principally macrophages and T cells) into the ischemic hind limb of wild-type mice was largely absent in angiotensin receptor AT-1a Ϫ/Ϫ -deficient animals.
HIF-1␣, Angiogenesis, and Innate Immunity
The central role of HIF-1␣ in the regulation of hypoxiadriven angiogenesis has been extensively described elsewhere. 81, 82 The discovery of the HIF-1␣ prolyl and asparaginyl hydroxylases provided a link between intracellular O 2 levels and the rate of HIF-1␣ degradation and transactivation, respectively ( Figure 2B ). The arylhydrocarbon receptor nuclear translocator (ARNT or HIF-1␤) is known to regulate the expression of a number genes, the products of which are involved in angiogenesis, including VEGF, PDGF, PlGF, Flt-1, adrenomedullin, angiopoeitin-2, and angiopoeitin-4, among others, 83, 84 and also directly suppresses transcription of prolylhydroxylases when oxygen is limiting. 85 A decrease in pH appears to sustain HIF signaling even as the intracellular O 2 content increase, because of acidosis-induced sequestration of the von Hippel-Lindau protein. 86 Genomic analyses of selected cell types transduced with constitutively active HIF-1␣ transgenes have also identified unconventional proangiogenic peptides that are regulated by HIF-1␣, such as adrenomedullin and the natriuretic peptides ANP and BNP, for example. 87 HIF-1 activation, as in many other cell types, also regulates the expression of a number of proteins involved in apoptosis. 88 In endothelial cells (eg, human umbilical vein endothelial cells), HIF-1␣ decreased apoptosis in response to anoxia reperfusion injury, a response that depends in large part on the cellular context (eg, intracellular levels of metabolic substrate needed for respiration 89 ). Laderoute et al 90 have recently shown that activation of intracellular extracellular signal-regulated kinases, c-Jun amino-terminal kinases (JNKs), and stress-activated protein kinases, and phosphorylation of c-Jun, require HIF-dependent triggering of glucose utilization.
In addition to these, by now, canonical pathways for the regulation of HIF activity, there are multiple additional hypoxia-independent signaling pathways that impact HIF-1␣ activity beyond protein stability and transactivation as discussed. Genomic analyses of selected cell types transfected with constitutively active HIF-1␣ transgenes have also identified unconventional pro-angiogenic peptides that are regulated by HIF-1␣, such as the natriuretic peptides ANP and BNP, for example. 84, 87, 91 In recent comprehensive reviews by Bilton and Booker 92 and by Giacci et al, 93 these signaling pathways were noted to include survival/growth factors (eg, insulin-like growth factor-1 [IGF-1], IGF-2, FGF-2, TGF␤1, insulin, epidermal growth factor), cytokines such as TNF and IL-1␤, as well as oncogenes such as HER2 NEU , among others. LPS alone, even in the absence of inflammatory cytokines, has also been shown to directly activate HIF-1␣ signaling to a greater extent than during hypoxia, at least in vitro in primary bone marrow-derived cells. 94 Receptor-mediated activation of HIF-1␣ is largely independent of the cellular O 2 content, but both mechanisms can act cooperatively to enhance HIF-1␣ protein stability and, consequently, activity. [95] [96] [97] The effects of specific signaling pathways are often cell-type selective as well because, for example, both TNF␣ and IL-1␤ were shown in HepG2 cells to increase DNA binding of HIF-1␣, yet only IL-1␤ increased HIF-1␣ protein levels. 98 Activation of specific HIF-␣ isoforms can be selectively regulated, because phorbol esters, as well as heat shock and hydrogen peroxide (and presumably other oxygen radicals) also can induce a HIF-1␣ splice variant lacking exon 11 (HIF-1␣ 785 ), the fifth human HIF-1 splice variant to be described, which also retains transcriptional regulatory activity. 99 Several HSPs (specifically HSP70 and HSP90), after activation of a PI3K/Akt pathway, have been shown to delay degradation of HIF-1␣ by directly interacting with the Per-ARNT-Sim domain, thus competing with HIF-1␤/ARNT for binding at this site on HIF-1␣. 100, 101 HSP binding to HIF-1␤/ ARNT acts as a chaperone, maintaining HIF-1␣ in a receptive state for signaling. PKC activation also has been shown to prolong HIF activity indirectly by inhibiting the transcription of the asparaginyl hydroxylase (factor-inhibiting HIF), which suppresses HIF association with p300 and synthesis of HIF-dependent genes. 102 NFB activation also has been shown to be required for both TNF-␣-mediated and IL-1-mediated activation of HIF-1␣ (see Figure 2B ). Zhou et al 103 demonstrated that activation of NFB induced accumulation of both unmodified and ubiquitinated HIF-1␣, but no change in HIF-1 mRNA levels, implying that regulation of HIF expression is also mediated by a translational mechanism, and not just by attenuating proteosomal degradation. A similar observation was made by Jung et al, 104 who noted also that receptorinteracting protein-1 appears to be required for TNF␣dependent induction of HIF-1␣. In a separate report, Jung et al 105 documented that IL-1␤ also increases HIF-1␣ activation via NFB, an effect dependent in part on increased expression of cyclooxygenase 2. These data may explain the observation that IL-1␤-increased cyclooxygenase 2 activity also results in an increase in eicosanoid-dependent angiogenesis. 106 Despite the observation that several "inflammatory" cytokines could activate HIF-1-dependent pathways in a number of cell types, the link between HIF-1␣ activation and induction of innate immunity was not obvious. In contrast with earlier reports in which transgenic animals with enhanced VEGF-A expression exhibited anatomical and physiologic abnormalities of the microvasculature resembling, at least in part, those characteristics of inflammation, 107 Elson et al 108 found that in transgenic mice engineered to overexpress a constitutively active form of HIF-1␣ in the skin (ie, wild-type HIF-1␣ driven by a keratin 14 promoter), they did not observe evidence of increased edema or inflammation despite increases in both the number and size of vessels within the dermis.
However, Ceradini et al 109 have shown that increased expression of SDF-1 (CXCL12) is dependent on activation of HIF-1␣ signaling in endothelial cells, resulting in recruitment and engraftment of CXCR4-positive endothelial progenitor cells, suggesting that HIF-1␣ activation is involved in the regulation of specific cytokines associated with induction of inflammation. For a recent comprehensive review of the role of chemokine signaling in angiogenesis and wound healing, see Romagnani et al. 110 A central role for HIF-1␣ in sustaining, if not initiating, inflammation was revealed in the report by Cramer et al, 111 who selectively deleted HIF in leukocytes by expressing cre recombinase under the control of the lysosyme M promoter (lysM-cre/HIF-1␣). This did not result in large changes in absolute or relative numbers of circulating subsets of white cells in the absence of an inflammatory stimulus. However, these cells selectively exhibited reductions in intracellular VEGF-A mRNA and protein, as well as genes involved in gluconeogenesis and glucose transport, consistent with the absence of HIF-1␣ activity.
As a consequence, peritoneal macrophages and neutrophils from these myeloid lineage-specific, HIF-1-depleted animals had marked reductions of ATP levels, resulting in diminished leukocyte aggregation and motility. Moreover, the phenotype of myeloid lineage-specific HIF-1␣-null animals was distinct from lysM-Cre/VEGF-A knockout mice, in that the former exhibited almost no inflammatory infiltrate and edema after a phorbol ester-induced inflammatory stimulus, whereas the latter had an extensive inflammatory infiltrate but only minimal edema formation. 111 To determine the phenotype of animals with leukocytespecific HIF-1␣ expression unrestrained by prolyl or asparaginyl hydroxylation, and subsequent proteosomal degradation, Cramer et al 111 also studied myeloid-specific, von Hippel-Lindau-deficient (VHL-LysM-CRE) mice, which lack the ability to downregulate HIF-1␣ activity. These animals exhibited an exaggerated response to phorbol esters, with inflammation that was significantly greater than in wild-type controls, as determined by myeloperoxidase activity. These in vivo data were supported by in vitro observations of Moon et al 112 that desferrioxamine markedly increased not only HIF-1␣ protein levels in human mast cells but also inflammatory cytokines such as IL-6, IL-8, and TNF-␣. Nathan, 113 in an editorial comment on the report by Cramer et al, 111 noted that mast cells, which act as sentinels for the innate immune response in many tissues, also express lysosyme, and suggested that the phenotype of the lysM-cre/ HIF-1␣ animals might have also been attributable to a defect in mast cell function.
Cramer et al also determined that wild-type animals demonstrated diminished limb function and delayed resolution of inflammation in a noninfectious passive model of arthritis when compared with lysM-cre/HIF-1␣ mice. 111 The relevance of these data for human disease is supported by Giatromanolaki et al, 114 who performed immunohistochemical analyses of biopsy specimens of synovial tissue of patients with rheumatoid and osteoarthritic joint disease of the hip, knee, and/or wrist, using as controls specimens obtained from patients with no history of arthritis undergoing hip fracture surgery. Patients with active arthritis exhibited increased levels of HIF-1␣ and HIF-2␣, as well as increased VEGF-A, platelet-derived endothelial cell growth factor, and VEGF complexed with Flk-1. The percentage of cells that stained positively for HIF-1␣ and HIF-2␣ was significantly higher in both rheumatoid and osteoarthritic synovium compared with the hip fracture-only controls, and upregulation of both HIF isoforms was observed in blood vessels, macrophages, fibroblasts, and lymphoid cells. Interestingly, mechanical trauma alone has been shown to induce HIF-1␣ expression. Well-oxygenated bovine cartilage disks exposed to repetitive mechanical strain rapidly increased expression of HIF-1␣ and subsequently VEGF-A, whereas disks not exposed to impact stress did not. 115 In addition to endothelial nitric oxide synthase, HIF-1␣ is also known to regulate the expression of iNOS, an important effector arm of innate immunity. 116 Moncada et al and Brune et al have recently highlighted the complexity of the molecular pharmacology of NO during hypoxic stress and its role in regulating both oxidative phosphorylation and HIF-1␣ activ-ity. 117 Within cells, as NO levels increase to the high levels associated with iNOS induction (sufficient, for example, to achieve bacteriostatic levels), both groups document that the activities of the HIF-1␣ prolylhydroxylases decrease, thus permitting sustained HIF signaling, even after intracellular O 2 levels begin to increase. This would provide an obvious selective advantage to cells undergoing both hypoxic and infectious challenges. In addition, pharmacological doses of NO delivered by NO donors (and presumably high levels of endogenous NO x after iNOS induction) also increased HIF-1␣ expression via a MAPK/PI3K pathway. 118 In conclusion, there is new evidence for multiple links between pathogen recognition and induction of an initial innate immune response, with multiple "growth factor" signaling pathways associated with angiogenesis.
